Summary The goal of this study was to document how treatment with high doses of zoledronic acid affects dental extraction healing. Our results, showing significantly compromised osseous healing within the socket as well as presence of exposed bone and development of a sequestrum in one animal, provide a building block toward understanding osteonecrosis of the jaw.
Introduction
Bisphosphonates (BPs) are a standard component in the treatment of various cancers. Over the past 6 years, the condition known as osteonecrosis of the jaw (ONJ) has emerged as a serious side effect of BP treatment [1] . The majority of ONJ cases have manifested in cancer patients administered high doses of intravenous BPs [2] [3] [4] with a smaller number of cases reported in patients receiving lower doses of BPs for various conditions [1, 4] . Despite a low incidence rate [5] , ONJ remains a concern due to its unknown pathophysiology and the millions of patients who take BPs for various conditions.
The risk of ONJ is associated with compromised dental health with the majority of cases occurring in patients who have undergone oral surgery [1, [6] [7] [8] [9] . When the incidence of ONJ is separately assessed for various populations treated with BPs (osteoporosis, Paget's disease, and cancer treatment patients), there is a consistent tenfold increase in ONJ occurrence when dental extraction was concomitant with BP treatment [4] [5] . Invasive oral procedures such as dental extraction are some of the most common surgical procedures performed each year. The events following dental extraction are well described and include the initial rapid formation of woven bone which is then, over time, removed by osteoclast activity [10] [11] [12] . Following tooth extraction, the bone in and around the socket undergoes significant amounts of remodeling not only to remove the woven bone that forms within the socket but also to reshape the alveolar cortical bone in the surrounding region.
Most hypotheses concerning ONJ implicate remodeling suppression as an underlying tissue-level mechanism [6, 7, [13] [14] [15] [16] . Bone remodeling serves to replace bone that is unfit for its duties, whether it is hyper-mineralized, contains microdamage, or has a disrupted osteocyte/canalicular network [17, 18] . The importance of remodeling in these conditions is illustrated by the fact that its inhibition leads to focal regions of bone matrix necrosis [19, 20] . If inhibition of remodeling occurs under conditions where significant remodeling is necessary, such as following tooth extraction, it is possible that the local bone could become necrotic.
The goal of this study was to document how intravenous treatment with the bisphosphonate zoledronic acid at doses similar to those given to cancer patients affects the mandibular bone tissue following dental extraction. Specifically, we tested the hypothesis that zoledronic acid would significantly reduce remodeling in the mandible following tooth extraction and that this would slow the healing of the extraction socket bone.
Methods

Animals
Twelve skeletally mature female beagles (∼1 year old) were purchased from Marshall Farms USA (North Rose, NY) and housed for the duration of the experiment in environmentally controlled rooms at Indiana University (IU) School of Medicine's AAALAC-accredited facility. All animal procedures were approved prior to the study by the IU School of Medicine Animal Care and Use Committee.
Animals were assigned to untreated control (CON; n = 6) or zoledronic acid (ZOL; n = 6) treatment groups. ZOL (Zometa®) was administered via intravenous infusion at a dose of 0.06 mg/kg, which corresponds to the 4-mg dose used in cancer patients, adjusted on a milligram per kilogram basis [21] . ZOL was infused every 2 weeks which is roughly twice as frequently as used clinically. This dosing frequency was chosen to maximize drug exposure during the relatively short 3-month experimental period. IV administration was done in accordance with previously published protocols from our lab [22] . Briefly, animals were sedated, and an over-the-needle catheter was inserted into the leg vein (rotated for each infusion between the cephalic and saphenous) with the drug administration in a 40-mL total volume over a 15-min period. CON animals were untreated throughout the experimental period.
One month after the first ZOL dose, all animals (ZOL and CON) underwent dental extraction of the fourth right premolar; 1 month later, all animals underwent extraction of the fourth left premolar. This study design allowed two different post-extraction times (4 and 8 weeks) to be studied in the same animals. The 4-week time period was chosen as it is twice as long as the duration of normal epithelial closure in untreated beagle dogs; the 8-week duration has been shown to be sufficient for complete healing of extractions in untreated beagle dogs [10] .
For all dental extractions, animals received presurgical antibiotics (cefazolin 20 mg/kg IV (100 mg/ml) and then were anesthetized (Propofol (10 mg/ml) 8 mg/kg IV) and intubated with continuous isofluorane for the duration of the surgery. Animals also received a preoperative intraoral regional block (bupivicaine 0.1 ml/lidocaine 1% 0.1 ml) to the inferior alveolar nerve prior to surgery. The epithelial attachment of the tooth was severed with a blunt probe, and then the crown on the tooth was split down the middle using a high speed dental drill. Each of the two roots was removed individually by gripping forceps to the crown and then rocking back and forth in the buccal-lingual direction. In the case where the root was fractured during extraction (see "Results" for incidence among groups), the root was left intact. Following extraction, the gingival tissue was closed using absorbable suture. Postoperative analgesia (buprenorphine 0.01 mg/kg SQ) was given starting 4-8 h after surgery.
To label active bone remodeling sites, animals were injected with calcein (5 mg/kg, intravenously) using a 2-12-2-5 schedule (labels were injected on two consecutive days, 12 days were allowed to pass, another two consecutive days of label were given, and then the animals were euthanized 5 days later). Animals were euthanized by intravenous administration of sodium pentobarbital, and the right and left mandibles, right ninth rib, and right tibia were dissected free and placed in 70% ethanol for analysis.
In vivo extraction site healing (oral lesion visualization) All animals were assessed daily post-extraction for exposed bone in the oral cavity. Our criterion for classification of ONJ was if exposed bone existed at the extraction site 4 weeks post-extraction. This time period was chosen as it is two times longer than the reported duration of normal epithelial closure in untreated beagles [10] .
Microcomputed tomography of extraction site
The extraction sites of both the left and right hemimandibles were isolated by making parallel buccal-lingual cuts using a diamond wire saw (Histosaw; Delaware Diamond Knives). Each entire extraction site was scanned using high resolution microcomputed tomography (micro-CT) at a resolution of 8 µm (Skyscan 1172, Belgium). Raw data projection images were reconstructed and analyzed using manufacturer-provided software (Skyscan, NRecon, and CTAN programs). For each extraction site (right and left), both sockets were assessed, and the data were averaged to get a single value for each site. For those animals where roots were fractured, only the socket with a successful complete extraction was analyzed. Volume and morphology of the bone within the socket was assessed in three dimensions by using a region of interest to isolate the socket from the surrounding bone followed by thresholding of this region to separate mineralized tissue from the marrow. Outcome parameters of the extraction socket bone consisted of bone volume/tissue volume (BV/TV, percent) and bone surface/total volume (BS/TV, 1/mm).
Histological processing
Numerous skeletal sites were processed for cortical bone histological analysis: the extraction sites of both the left and right hemimandibles (following micro-CT scanning), a second region from each hemimandible (third premolarto examine mandible properties distant from the extraction site; Fig. 1 ), a portion of the rib (located at the greatest curvature), and a portion of the tibia (∼4 cm proximal to the distal end).
All tissue segments were stained with basic fuchsin in order to assess bone matrix necrosis [19] . Using 1% basic fuchsin dissolved in increasing concentrations of ethanol (80%, 95%, and 100%), specimens were stained for 48 h per step. Following basic fuchsin staining, bones were embedded in plastic and then sectioned (∼100-µm thick) using a diamond wire saw (Histosaw; Delaware Diamond Knives). Two sections, separated by ∼400 µm, were cut for the rib and tibia and the third premolar region of the right and left hemimandible. For the region of bone surrounding the extraction sites that had healed for 4 weeks, two sections were collected by making parallel buccal-lingual cuts that passed through the center of one root socket. For the extraction sites that had healed for 8 weeks, parallel buccal-lingual cuts were made to make sections throughout one of the sockets (typically giving 8-12 sections per site). This greater number of sections was used in order to thoroughly examine the bone surrounding the entire socket at this time point for bone for matrix necrosis.
Histological assessment
Histological measurements were made using a semiautomatic analysis system (Bioquant OSTEO 7.20.10, Bioquant Image Analysis Co.) attached to a microscope (Nikon Optiphot 2 microscope, Nikon) with a fluorescent light source. For assessment of intracortical bone formation rate, two cross-sections were assessed at each skeletal site with data from the sections combined to calculate the outcome parameters. For mandible sections, data were collected separately for alveolar bone regions (defined as bone above the most distally observed portion of the tooth root or extraction socket) and non-alveolar bone regions (below the tooth root) [19, 22] . The cortical bone of the entire crosssection of the rib and tibia was assessed.
Under ultraviolet light, the bone area (B.Ar), number of labeled osteons (L.Os.#, osteons with either single or double label), the total length of osteonal-labeled surface (LS), and the mean interlabel width (Ir.L.Wi) were measured. Mineral apposition rate (MAR, micrometer per day) was calculated as Ir.L.Wi/12, where 12 is the number of days between labels. Intracortical bone formation rate (BFR, percent per year) was calculated as (MAR×(LS/2)/B. Ar × 100) × 365. For animals with only single-labeled Fig. 1 Regions of histological assessment of intracortical bone remodeling in the mandible. Both the extraction site and an adjacent non-extraction site (third premolar (A)) were assessed histologically osteons, a value of 0.3 was used for MAR [23] ; if no label was present, MAR was considered to be a missing value, and BFR was considered to be zero, reflecting the absence of bone formation [22] . All measures and calculations are similar to those reported previously [22] and are in accordance with ASBMR-recommended standards [24] .
Bone matrix necrosis of the cortical bone was assessed by bright-field microscopy as previously described [19] . These analyses were conducted on two cross-sections for most skeletal sites (rib, tibia, non-extraction mandible site, extraction site healed for 4 weeks). For cortical bone surrounding the extraction site, allowed to heal for 8 weeks, a greater number of sections (8) (9) (10) (11) (12) were assessed for necrosis. Regions of bone void of basic fuchsin stain >500 µm 2 were considered necrotic.
Statistics
Statistical tests were performed using SAS software (SAS Institute, Inc.). Parameters were compared between CON and ZOL animals using two-sample t tests. Difference in extraction site properties was compared between time points (4 and 8 weeks post-extraction) within each treatment group using paired t tests. Histological parameters of the non-extracted, 4 weeks of healing, and 8 weeks of healing mandible regions were compared within treatment using a one-way ANOVA with LSD post hoc tests. For all tests, p<0.05 was considered to be statistically significant.
Results
There was no difference between groups in baseline (CON, 7.1±0.4; ZOL, 6.8±0.4; p=0.60) or final (CON, 7.4±0.5; ZOL, 6.9±0.4; p=0.49) body weights.
Dental extraction efficacy
All animals had at least one complete root extraction of both the right and left fourth premolars. Of the sites that had 8 weeks to heal, two of the six CON animals and all six ZOL-treated animals had both roots successfully removed. Of the sites that had 4 weeks to heal, four of the six CON animals and five of the six ZOL-treated animals had both roots successfully removed. Only sockets with complete root extractions were assessed.
ZOL treatment does not alter initial socket bone formation but slows its remodeling
There was no significant difference between groups in the amount (BV/TV) or morphology (BS/TV) of the newly formed bone within the socket after 4 weeks of healing (Fig. 2) . After 8 weeks of healing, there was significantly more bone (+26%), with higher BS/TV (+62%), in the socket of ZOL-treated animals relative to CON. Compared to the 4-week time point, BV/TV was significantly higher (+28%) and BS/TV significantly lower (−45%) in CON animals at week8. This bone was predominantly at the surface of the socket (condensed cortical bone) with little remaining trabecular bone (Fig. 2) . The ZOL-treated animals also had higher BV/TV at 8 weeks post-extraction compared to 4 weeks (+78%) although the BS/TV was lower (−16%). In contrast to the CON animals, the bone in ZOL-treated animals remained in the socket and had not condensed to the surface cortex.
ZOL treatment severely suppresses intracortical remodeling post-extraction
At all skeletal sites examined, intracortical BFR was significantly lower (≥93%) in ZOL animals compared to CON (Fig. 3 , Tables 1 and 2 ). At the 4-week extraction sites, alveolar and non-alveolar BFRs were lower in the ZOL animals compared to CON (p=0.002) with neither rate being significantly different from the non-extraction site. In 8-week extraction sites, the alveolar BFR was lower in the ZOL animals compared to CON (−99%, p<0.001) with both groups having higher alveolar BFR compared to 4 weeks (+123% in CON; +594% in ZOL). There was no evidence of bone matrix necrosis in any region of the mandible of the CON or ZOL animals.
Exposed bone with sequestrum formation in a ZOL-treated animal
One animal developed exposed bone in this study-this occurred following the first extraction in an animal that was treated with ZOL. This animal had been treated with two doses of ZOL prior to extraction, the second being 6 days prior to extraction. The animal received its third dose of ZOL 7 days following the first extraction and the fourth dose 22 days post-extraction. While the socket appeared somewhat abnormal in the days following extraction (discolored), on day11 postextraction exposed bone was first noticed in the socket (Fig. 4 ). This exposed bone persisted through day23 postextraction. On day30 post-extraction, at the time of the second extraction, a sequestrum was observed protruding from the soft tissue (which had healed) at the extraction site. This bone fragment was plucked free, with little resistance, after which the site briefly bled. Thereafter, the site appeared normal throughout the remainder of the study. The sequestrum was subjected to high resolution micro-CT to observe its morphology (Fig. 5) . The CT analysis provided a means of assessing the sequestrum volume (1.60 mm 3 ) while also revealing the presence of highly scalloped surfaces-qualitatively similar to the morphology Fig. 3 Histological assessment of intracortical bone formation rate in the mandible. BFR (percent per year), measured using fluorochrome labels administered toward the end of the experiments, was separately assessed in the alveolar (a) and non-alveolar (b) bone at a region distant from the extraction site, at the extraction site allowed to heal for 4 weeks, and at the extraction site allowed to heal for 8 weeks. At all regions analyzed, the BFR was significantly lower in ZOL animals compared to CON. In both CON and ZOL groups, there was no difference in BFR at 4 weeks post extraction yet significantly higher rates at 8 weeks post-extraction in the alveolar region. p < 0.05 versus non-extraction and 4-week healing region within treatment (#) or versus CON-treatment within region (*) of human BRONJ tissue previously assessed in our laboratory. Histological analysis of the sequestrum revealed a high prevalence of osteoclasts as well as a near complete absence of osteocytes (Fig. 5) .
Discussion
With one premolar extraction site allowed to heal for 4 weeks and the contralateral site allowed to heal for 8 weeks, the current study provides some insight into the dynamic process of dental extraction osseous healing and how it is affected with bisphosphonate treatment. Our micro-CT data clearly document that this high-dose zoledronic acid treatment does not compromise the amount of bone that initially fills the socket-a process driven by bone modeling. This finding is in agreement with others who have studied similar outcomes in rodents treated with bisphosphonates and undergoing dental extraction [25, 26] .
As our earliest duration of assessment was 4 weeks postextraction, it is possible that differences in healing could have occurred very early in the healing process.
The most striking effect of zoledronic acid treatment on dental healing in the current study is in the remodeling of the initial bone that formed within the socket. This is consistent with data from fracture healing studies in which the initial callus forms normally, but its remodeling is significantly compromised [27, 28] . The higher bone volume in extraction sockets allowed to heal for 8 weeks compared to 4 weeks in the presence of zoledronic acid suggests continued formation of bone within the socket; this is contrasted with control animals in which bone volume increases due to consolidation of bone on the apical surface of the socket with removal of the woven bone within the socket (Fig. 2) . These data lead to the question of whether the socket in BP-treated individuals will continue to form bone and eventually fill up or, if at some point, osteoclast-mediated removal will occur as it does in the callus post-fracture. If the socket eventually fills with bone, it will be important to understand if this has any significant implications. Similar to our previous findings, both with long-term oral alendronate treatment [19] and short-term intravenous zoledronic acid treatment [22] , this current work documents significant suppression of intracortical bone remodeling in the mandible and other skeletal sites. One important advancement provided by the current work is that it shows that ZOL does not allow the normal increase in remodeling of the adjacent alveolar cortical bone post-extraction. Since rodents do not normally undergo intracortical remodeling, such data are not available from studies using rats and mice. Following tooth extraction, the cortical bone in humans near the socket undergoes significant amounts of remodeling to reshape the alveolar cortical bone in the surrounding region. With ZOL treatment, although the intracortical bone formation rate was significantly higher 8 weeks postextraction compared to the mandible site distant from the extraction and the extraction site at 4 weeks post-extraction, the rate was still less than 1% per year. The consequences of this dramatically lower remodeling rate in the bone surrounding the extraction site are unknown.
Given the short-term nature of this experiment, we did not expect to see osteonecrosis of the jaw. However, one animal in the study (in the ZOL group) developed exposed bone following the first of the two dental extractions. The exposed bone was present for <4 weeks, a shorter timeframe than we had set a priori for defining ONJ. Although this timeframe was based on normal healing in untreated dogs [10] , it was somewhat arbitrary. That is, it is unclear how to translate the human definition of ONJ-having exposed bone for >8 weeks [1] -to a timeframe in dogs. As such, we believe the presence of exposed bone at 3 weeks post-extraction is noteworthy. Similar to the human condition of ONJ, the animal with exposed bone in our study eventually formed a sequestrum. Using CT, the sequestrum that formed in this animal appeared morphologically similar to those from humans with ONJ [13] , and histological analysis revealed a striking number of osteoclasts and mostly empty lacunae. These findings are consistent with human ONJ specimens [29] . It is important to note that the existence of a sequestrum is not exclusive to ONJ; thus, its existence in this instance is not a proof of ONJ. The occurrence of exposed bone in our study after just two doses of ZOL is more rapid than the majority of clinical cases [5, 30] and healed more quickly than is routinely observed clinically [31] . It is difficult to know how to relate the timing of onset and resolution of the exposed bone in the current study to the human condition.
The development of an animal model to study ONJ is essential to advance understanding of this condition [1] . Exposed bone associated with bisphosphonate treatment (both with and without dental extraction) has now been documented in several rat and mouse studies [25, [32] [33] [34] [35] [36] [37] [38] [39] . These rodent studies each employed different definitions of mucosal or bone necrosis making it difficult to compare among them. One common feature, however, is that in most of these studies, roughly 10-20% of animals treated with BP alone developed necrotic bone; higher percentages of animals displayed necrotic regions when BP was combined with vitamin D deficiency [38] or dexamethasone [32, 34] . It is also noteworthy that in most of these studies, a percentage of control animals had necrosis-perhaps indicative of the trauma induced during the difficult extraction procedure in such small animals. Continued work with one or more of these animal models will prove useful in future studies aimed at understanding ONJ pathophysiology.
The results of this study should be considered within the context of some aspects of the study design. The dose of zoledronic acid, while similar to that given to cancer patients on a milligram per kilogram basis [21] , was administered more frequently (every 2 weeks) than is routinely given clinically (every 3-4 weeks). Whether or not the effects on extraction site healing and the development of exposed bone is a function of this more frequent dosing is not clear, although the level of remodeling suppression with such a schedule is comparable to that which occurs with dosing every 4 weeks [22] . The control animals in the current study were not injected with vehicle. Fig. 4 Photomicrograph of zoledronic acid-treated (a) and control (b) extraction site 11 days after surgery. Exposed bone can be observed in the zoledronic acid-treated animal (black arrow) while the extraction site in the control animal is completely covered with mucosa Comparing mandible BFR of the current study's CON animals to a group of similar aged IV vehicle-treated animals from our previous work [22] documents similar alveolar BFR (p=0.47) suggesting that the absence of VEH injections in the current study are unlikely to have affected our results. A number of animals had roots fractured during extraction. We cannot discount that the response in those animals was different from those where both roots were successfully removed. While there was no significant difference in either CT or histological variables for controls with two successful root extractions, the sample sizes of the various groups (complete vs incomplete root removal within each treatment and time point) are not powered to sufficiently detect a difference if one existed. Also important to note, these dogs did not have cancer, were not immunologically compromised, nor were the teeth that were extracted infected, as is routinely the case clinically. If and how any of these factors influence the results are not known.
In conclusion, we show that the combination of high-dose zoledronic acid can significantly alter the later stages of post-extraction osseous healing and is sufficient to produce exposed bone and sequestrum formation. These data advance our understanding of how bisphosphonate treatment affects the bones of the oral skeleton and suggest that dog may be a useful model to study the pathogenesis of ONJ. Fig. 5 The exposed bone in the zoledronic acid-treated animal eventually manifested a sequestrum which was removed from the soft tissue mucosa at the extraction site. a Photograph; b twodimensional micro CT image through the center of the sequestrum showing highly scalloped surfaces; c two-dimensional micro CT projection image of the entire specimen; d photomicrograph of histological section through the sequestrum stained with tartrateresistant acid phosphatase (TRAP) to visualize osteoclasts (select, but not all, osteoclasts identified with black arrowheads); e photomicrograph of histological section through the sequestrum stained with TRAP showing empty osteocyte lacunae (select, but not all, empty osteocyte lacunae identified with black arrowheads). Scale bars= 1 mm for a-c and 100 µm for d and e
